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Abstract
The objective of this thesis is to improve the frequency regulation of an islanded microgrid system
consisting of photovoltaic (PV) system. Operating the PV system in Limited power point tracking
(LPPT) mode gives provision for the application of droop control on the PV system active power,
which in turn enhances the frequency regulation of the microgrid. LPPT is a control technique used
for extracting the desired amount of power that may be less than the maximum available power from
the PV system. Variable rate LPPT is the superior control technique among the available LPPT
control techniques, which is employed in the work. The droop controller implemented in this thesis
provides the required power reference command for the limited power operation of a PV system
based on the deviation of bus frequency from its nominal value (50 Hz/60 Hz). A case study is
presented to validate the effectiveness of the above-mentioned concept.
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Chapter 1
Introduction
In a conventional power system, the balance between scheduled generation and actual load (plus
loss) is necessary in order to maintain grid frequency at its nominal value (50 Hz in India). However,
the load applied on the grid varies from time to time and is unpredictable. Inorder to meet the load
changes, generators will have to deviate from their respective scheduled generation. Inorder to have
proper load power sharing, the generators are operated in drooping mode. In the droop mode, the
generators will raise their generation when the system frequency is less than its nominal value and
vice-versa. In the conventional power system, all the generators share the real time load deviation
by operating in droop mode; thus the system frequency is maintained at a decent level.
With the day to day depletion of conventional energy sources, the electricity generation from re-
newable energy sources such as solar, wind, tidal and so on, drawn the attention of many researchers.
The easy implantation of solar panels and windmills near to the load centers and the technology
advancements made in power electronics have led to the evolution of a concept called distributed
generation. Integration of the distributed energy sources along with local loads is considered to be
as microgrid. The microgrid can be operated either in the grid-connected mode or in the islanded
mode. In the grid-connected mode, the voltage and frequency are determined by the grid and the
distributed energy resources are controlled to supply only the specified amounts of active power
and reactive power. In the islanded mode, the frequency and voltage are to be regulated by the
distributed energy sources. So, in order to regulate the frequency and to maintain it within its
limits in an islanded microgrid operation, the distributed energy sources should be operated in the
drooping mode.
Easy implantation and eco-friendly generation of electricity from photovoltaic (PV) system drawn
the attention of many industrialists and researchers. The mathematical modelling of PV panels is
explained in [1]. Different control methods have been developed to extract the maximum available
power from the PV system. Some of them are perturb and observe method, incremental conductance
method, hill-climbing method, ripple correction control method and so on. The detailed comparison
of all the maximum power point tracking (MPPT) control techniques is presented in [2] and [3].
MPPT operation of PV system requires additional storage for maintaining balance between gen-
eration and load. Operating PV system in MPPT mode may cause line overloading during peak
power generation. To overcome this issue, a control technique is described in [4] to limit the power
output from a PV system. However, here, with the selected perturbation voltage step size in perturb
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and observe based limited power point tracking(LPPT) approach, there is always a conflict between
response time and oscillations in power output of PV system. In the context of improving the per-
formance of the basic LPPT control scheme, two other control schemes, namely, variable step LPPT
(VSLPPT) and variable rate LPPT (VRLPPT) are developed in [5]. Operating the PV system in
LPPT mode, rather than in MPPT mode, gives the provision for applying droop control on the PV
system power output. This thesis, presents the effect on the frequency regulation of an islanded
microgrid, by operating the PV system in drooping mode.
Organization of Thesis
Chapter 2: This chapter describes the characteristics of PV array and conventional control tech-
niques that are used for extracting the power from PV array. Different configurations that are used
for integrating the PV array to the grid is also discussed.
Chapter 3: In this chapter, perturb and observe based LPPT control techniques are explained.
The performance of LPPT techniques over a dual stage grid connected PV system is studied using
MATLAB/Simulink.
Chapter 4: In this chapter, the distributed sources are interconnected as an islanded microgrid
system and are operated in the droop control mode. Simulation studies are performed to investigate
the effectiveness of drooping operation of PV system on the microgrid frequency regulation.
Chapter 5: In this chapter, the thesis is concluded and future scope is presented.
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Chapter 2
Literature Overview
This chapter describes the non-linear characteristics of the PV array, the maximum power control
and the limited power control techniques used for power extraction from PV array. Moreover,
different configurations used for integration of PV array with the grid is described.
2.1 Photovoltaic Cell Modelling
PV cells are the basic units of the PV array. Different equivalent circuits for modelling a PV cell
can be found in the literature. They are single-diode circuit [6], [7], two-diode circuit [8], [9] and
three-diode circuit [10] models. Amongst them, Single-diode circuit modelling is the most commonly
used in the simulation studies due to its simplicity and accuracy. The single-diode equivalent circuit
of a PV cell is shown in Fig. 2.1. The series resistance (Rs) represents the structural resistance of
the PV cell. The leakage current of the p-n junction is modelled by the parallel resistance (Rp).
The current-voltage equation of PV cell can be derived as given in (2.1).
Ic = Ig − Id − Ip (2.1)
= Ig − Io
(
e
β(Vc+RsIc)
A
)
−
(
Vc +RsIc
Rp
)
.
Figure 2.1: Single diode equivalent circuit of a PV cell.
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Here, A is the diode ideality factor and its value is assumed to be between 1.0 and 2.5 depending
on the PV device type. Io is the diode reverse saturation current. β is the inverse thermal voltage
and is defined as given in (2.2).
β =
q
KT
. (2.2)
Here, q represents the electron charge (1.6 × 10−19C), K is the Boltzmann’s constant (1.38 ×
10−23J/K) and T is the p-n junction temperature (Kelvin). The PV cell generated current (Ig)
varies with change in irradiance (G) and temperature (T ). The dependence equation of current
generated by PV cell is represented as given in (2.3).
Ig = [Iscr +Ki(T − Tr)]
G
Gr
. (2.3)
Here, Iscr is the short circuit current of PV cell at the standard test condition (STC). STC refers
to an irradiance level of 1000 Wm-2 and a temperature of 250 C. The irradiance and temperature
at STC are denoted by Gr and Tr respectively. Ki is the current temperature coefficient (A/K).
The diode reverse saturation current (Io) depends only on the temperature. In the open circuit
condition, the dependence of Io on temperature is given in (2.4).
Io =
Iscr +Ki(T − Tr)
e
β
A
(Vocr+Kv(T−Tr)) − 1
. (2.4)
Here, Vocr is the open circuit voltage at STC. Kv is the voltage temperature coefficient (V/K).
2.2 Photovoltaic Array Modelling
PV array is the series-parallel combination of PV cells. The equivalent circuit of PV cell can be
extended for modelling the PV array. However, the parameters of the PV cell are to be modified by
taking number of series cells (Ns) and parallel strings (Np) into consideration. The equations (2.5)-
(2.13) represents the required parameter modifications for modelling the PV array. The parameters
with superscript ‘a’ in (2.5)-(2.13) refers to the PV array.
Iag = NpIg (2.5)
Iao = NpIo (2.6)
Aa = NsA (2.7)
Kai = NpKi (2.8)
Kav = NsKv (2.9)
Iascr = NpIscr (2.10)
V aocr = NsVocr (2.11)
Ras =
(Ns
Np
)
Rs (2.12)
Rap =
(Ns
Np
)
Rp (2.13)
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2.3 Characteristics of Photovoltaic Array
Unlike the battery storage unit, the output voltage of the PV array depends on the load applied.
With the varied terminal voltage, the power generated by the PV array also varies. The basic power
vs. voltage and current vs. voltage characteristics of the considered PV array are shown in Fig.
2.2. Here, Pmpp refers to the maximum available power that can be extracted from PV array
(a) Current vs. Voltage characteristics of PV array
(b) Power vs. Voltage characteristics of PV array
Figure 2.2: Characteristics of PV array.
(a) Power Vs. Voltage characteristics at 250 C temperature for different irradiance levels
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(b) Power Vs. Voltage characteristics at 1000 Wm-2 irradiance for different temperatures
Figure 2.3: Power Vs. Voltage characteristics of PV array under varying environmental conditions.
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Table 2.1: Parameters of PV array
Parameter Value
Open circuit voltage of a PV cell under STC 0.6093 V
Short circuit current of a PV cell under STC 8.21 A
PV cell current-temperature coefficient 0.00032 AK-1
PV cell voltage-temperature coefficient -0.0027 VK-1
Diode ideality factor 1.3
Number of PV cells connected in series 1620
Number of PV strings connected in parallel 10
PV cell series resistance 0.0041 Ω
PV cell parallel resistance 7.6927 Ω
Working temperature 298.15 K
Irradiance level 1 kW-2
and Vmpp refers to the output voltage level that has to be maintained across PV array in order to
extract maximum available power and Impp is the current supplied by PV array at maximum power
point. It can be observed from Fig. 2.2 (b), the slope of the curve is positive on the left side of
Vmpp, negative on the right side of Vmpp and zero at Vmpp. The parameters of the considered PV
array are given in Table. 2.1. The power generated by PV array also depends on the environmental
conditions and varies with the change in irradiance level and panel temperature. Fig. 2.3 describes
the variation of power generated by PV array with respect to output voltage level under different
irradiance and temperature levels.
2.4 Integration of Photovoltaic Array Unit into the Grid
Inorder to integrate a PV power into the grid, power electronic interfaces are required. The config-
uration of PV array integration with the grid is classified based on the number of energy conversion
stages used. Popularly, there are two different configurations used to integrate PV array to the
grid. Those are single stage configuration and dual stage configuration and are shown in Fig. 2.4.
Here, the grid represents either utility grid or microgrid. Local battery storage shown in Fig. 2.4
is optional. In the single stage conversion, the PV array is integrated to the grid using three phase
voltage source converter (VSC). Here, the ouput power of PV array undergoes power conversion once
(i.e., through three phase VSC) during its integration into the grid. Here, the MPPT/LPPT control
and DC link voltage control are taken care of by three phase VSC. In the dual stage conversion,
the output power of PV array undergoes power conversion twice (i.e., primarily through DC-DC
converter and and then through three phase VSC) during its integration into the grid. Here, the PV
system shown is a non-battery back-up system. Hence, the DC link voltage control is taken care of
by three phase VSC and the MPPT/LPPT control is taken care of by DC-DC converter.
2.5 Maximum Power Point Tracking
Maximum power point tracking (MPPT) is the control technique used to extract the maximum
available power from the PV array. It is carried out by maintaining the output voltage of PV
array near to Vmpp. Different MPPT control techniques came into existence such as perturb and
6
(a) Single stage grid connected PV system configuration
(b) Dual stage grid connected PV system configuration
Figure 2.4: Grid integrated PV system configurations.
observe (P&O) [11], [12], incremental conductance (INC) [13], hill-climbing method [14], [15], ripple
correlation control (RCC) [16], [17], fractional open circuit voltage and so on. A detailed comparison
of all the proposed MPPT control techniques is given in [2] and [3]. In grid connected mode, the PV
system are generally operated in MPPT mode to extract the maximum available power from the
PV system. However, in the islanded mode of operation, local battery storage (shown in Fig. 2.4)
is required for MPPT operation of PV system. The local battery storage units store the additional
power generated by PV system. In case, the power generated by PV system doesn’t meet the load
on the system then the difference power will be supplied by local storage units. In this section, the
PV system integrated to DC grid through DC-DC converter is considered to explain the MPPT
control of PV system. The schematic of MPPT control architecture of PV system integrated to DC
grid is shown in the Fig. 2.5. In order to extract the maximum available power from PV array, the
voltage reference generator (shown in Fig. 2.5) determines the reference voltage (Vpv,ref ) that has to
be maintained across PV array terminals. The duty ratio (D) of DC-DC converter is determined by
applying PI control to the deviation of PV array output voltage with respect to the reference voltage
generated by voltage reference generator. The block diagram of duty ratio controller is shown in Fig.
2.6. In this thesis, perturb and observe (P&O) method of MPPT control technique is considered.
Here, the voltage reference for the duty ratio controller is varied in fixed steps. The MPPT control
7
Figure 2.5: Schematic of MPPT control of DC grid integrated PV array.
Figure 2.6: Duty ratio controller.
is governed by the following equation.
Vpv,ref [n] = Vpv,ref [n− 1]− σ[n]∆V. (2.14)
Here, n is the sampling time instant, ∆V is the step size for voltage correction and σ[n] is the
directionality factor. The value of directionality factor at nth sampling time instant is given in
(2.15).
σ[n] = 0 if |Γ[n]|≤ η (2.15)
= 1 if Γ[n] < −η
= −1 if Γ[n] > η
Here, η represents the tolerance band for convergence at the maximum power point and is employed
to avoid power oscillation. The sign of Γ[n] for the perturb and observe (P&O) method is defined
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as given in (2.16).
Γ[n] =
Vpv[n]Ipv[n]− Vpv [n− 1]Ipv[n− 1]
Vpv [n]− Vpv[n− 1]
. (2.16)
The sign of Γ[n] determines the position of the present operating point on the Power Vs. Voltage
curve of PV array with respect to maximum power point (MPP). The value of Γ[n] is, positive on the
left side of MPP, negative to the right of MPP and zero at MPP. The control method is described
with the help of flowchart shown in Fig 2.7. This method may not be able to track true maximum
power point due to the reference voltage is always varied in steps. With the high value of step
change (∆V ), the reference voltage can track Vmpp at a faster rate. However, the power oscillations
at steady state will be more with a high value of step change (∆V ). Moreover, the power oscillations
at steady state can be reduced with a lesser value of step change (∆V ) but it will take more time
for reference voltage to reach Vmpp.
Figure 2.7: Flowchart of Perturb and Observe (P&O) method for MPPT control technique.
Disadvantages of Maximum Power Point Tracking
Even though the PV array units are effectively utilised with maximum power point control technique,
there are some disadvantages with operating PV array units in MPPT mode and are given as below
1. In islanded mode, the coordinated battery storage or controllable auxillary load units are required
in order to maintain generation and load balance during MPPT operation of PV system.
2. In grid connected mode, the MPPT operation of PV system may cause line overloading. The
MPPT control may even degrade the system frequency profile with high penetration level of PV
power.
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3. The inverter life will be degraded with randomly varying PV power output (due to change in
environmental conditions).
4. The high rating inverter (usually, more than the rating of the PV system) is installed for PV
system operating in MPPT mode. Moreover, the inverter rating is not effectively utilized as the PV
power output varies from time to time.
These disadvantages can be taken off by having coordinated energy storage, auxiliary load units to
burn the excess power or by grid expansion. These approaches require more cost and even occupy
more space.
2.6 Limited Power Point Tracking
Limited power point tracking (LPPT) is the control technique which helps in extracting the desired
amount of power, which may be less than maximum available power, from the PV array. This
approach overcomes the disadvantages of MPPT and is effective in terms of economy and occupies
less space as there is no need of coordinated storage or auxiliary load units. This method helps
in extracting the desired amount of power as given by the reference power command. If the given
reference power is less than maximum available power then the implemented control technique tracks
the reference power. Otherwise, it will track the maximum power. For every given reference power
level (Ppv), less than maximum power point, there are two possible operating points (A&B) as
shown in Fig. 2.8. The operating voltage at point B is more than operating voltage at point A.
For the same power reference level, the current delivered by PV array will be less with a high value
of terminal voltage. Moreover, the power loss in the PV system will be less with the less amount
of current. Hence, the operating point B (with high value of terminal voltage) is preferred over
operating point A (with low value of terminal voltage).
Figure 2.8: Power vs. Voltage characteristics of PV array.
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Chapter 3
Limited Power Control of a Dual
Stage Grid Connected Photovoltaic
Array System
In this chapter, the different LPPT control schemes are investigated for limited power control oper-
ation of the dual stage grid connected PV system.
3.1 Structure of Dual Stage Photovoltaic Array System
The schematic of the basic LPPT control architecture of a dual stage PV system integrated into
the grid is shown in Fig. 3.1. Here, the reference voltage across DC link capacitance (Cdc) is kept
constant. The DC-AC converter helps to control the DC link voltage to the reference value through
an outer-loop DC link voltage controller and inner-loop current controller [18]. Here, the DC link
voltage controller and current controllers are implemented in dqo domain rather than in abc domain.
Here, Park’s transformation is used for converting the abc quantities to dqo quantities and is given
in (3.1). The LPPT control is taken care of by the DC-DC converter (i.e., the output voltage of
PV array is regulated by DC-DC converter). Here, perturb and observe based LPPT control is
implemented for extracting desired amount of power from PV array.


fd
fq
fo

 = 2
3


cos(ωt) cos(ωt− 2pi3 ) cos(ωt+
2pi
3 )
−sin(ωt) −sin(ωt− 2pi3 ) −sin(ωt+
2pi
3 )
1
2
1
2
1
2




fa
fb
fc

 (3.1)
3.1.1 DC Link Voltage Controller
The DC link voltage controller is implemented to maintain the voltage across the DC link capacitance
(Cdc), Vdc, at a value given by reference voltage (Vdc,ref). The block diagram of DC link voltage
controller is shown in Fig. 3.2. Here, the value of Vdc,ref is constant and is normally maintained
at a value of 1.5 times the open circuit voltage of PV array under STC. The DC link voltage
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Figure 3.1: Schematic of dual-stage PV system integrated to grid.
controller produces the d -component of current reference command given to the current controller.
The q-component is kept zero, to operate VSC at unity power factor.
Figure 3.2: Schematic of DC link voltage controller.
3.1.2 Current Controller
The main purpose of current controller is to regulate the d and q components of filter currents
(Ipv,dq) to the reference value of currents (I
∗
pv,dq,ref). The block diagram of current controller is
shown in Fig. 3.3.
Figure 3.3: Schematic of current controller.
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3.2 Perturb and Observe based LPPT Control Schemes
LPPT is the control technique used to extract the desired amount of power from PV system. The
amount of power required is specified through a reference power command that, in principle, should
not be no higher than the maximum available power from the PV system. However, when the
reference power level is more than the maximum available power then the control shifts to maximum
power point tracking mode. Three different LPPT control schemes are proposed in literature based
on perturb and observe principle. Those are described as below.
3.2.1 Fixed Step LPPT Control
This is the conventional LPPT technique and here, the voltage reference for the duty ratio controller
is varied in fixed steps. The fixed step LPPT (FSLPPT) control is governed by the following equation.
Vpv,ref [n] = Vpv,ref [n− 1]− σ[n]∆V. (3.2)
Here, n is the sampling time instant, ∆V is the step size for voltage correction and σ[n] is the
directionality factor. The value of directionality factor at nth sampling time instant is given in
(3.3).
σ[n] = 1 if Γ[n] ≤ 0 and Ppv[n]− Pref < −ε (3.3)
= 0 if Γ[n] ≤ 0 and |Ppv[n]− Pref |≤ ε
= −1 Otherwise.
Here, ε represents the tolerance band for convergence at reference power point and is employed to
avoid power oscillation. The sign of Γ[n] for the perturb and observe (P&O) method is defined as
given in (3.4).
Γ[n] =
Vpv[n]Ipv[n]− Vpv [n− 1]Ipv[n− 1]
Vpv [n]− Vpv[n− 1]
. (3.4)
The sign of Γ[n] determines the position of the present operating point on the Power Vs. Voltage
curve of PV array with respect to maximum power point (MPP). The value of Γ[n] is, positive
on the left side of MPP, negative to the right of MPP and zero at MPP. In this LPPT control
scheme, the voltage is varied with fixed perturbation step size (∆V ) depending on the position of
the present operating point with respect to MPP. Hence, this LPPT control scheme is considered to
be as FSLPPT. In this control scheme, with the high value of step size (∆V ), the response time will
be less and power oscillations at steady state will be more. However, with the less value of step size
(∆V ), the response time will be more and power oscillations will be less. Hence, with this FSLPPT
control scheme, there is always a conflict between response time and power oscillations.
3.2.2 Variable Step LPPT Control
In this control scheme, the perturbation step size is dynamically adjusted to overcome the conflict
between response time and power oscillations. This scheme resembles variable step MPPT [19]. The
perturbation step size is varied based on the location of the present operating point with respect to
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MPP and the deviation of the power level at the present operating point from the reference power.
In this control scheme, the dynamics of reference voltage generator is defined as given in (3.5).
Vpv,ref [n] = Vpv,ref [n− 1]− σ[n]α[n]∆V. (3.5)
Here, σ[n] and ∆V , serve the same as explained for FSLPPT. The dynamic adjustment of perturba-
tion step size is carried out by α[n]. As we prefer the operating point on the right-hand side of Vmpp,
for a reference power level below the maximum power level, there is no need to vary the perturbation
step size if the operating point is on the left-hand side of MPP. Hence, the perturbation step size is
dynamically adjusted only on the right-hand side of MPP. The value of α, step adjustment factor,
at the nth sampling time instant is defined as given in (3.6).
α[n] = 1 if Γ[n] > 0 (3.6)
= min{1, γ|Ppv[n]− Pref |} if Γ[n] ≤ 0.
Here, γ is the constant of proportionality for step adjustment and is to be tuned based upon the
LPPT operation. To minimise the power oscillations during MPPT mode of operation (in the case
of reference power more than the maximum available power), a power scarcity indicator (Φ) is
determined and its value at nth sampling time instant is defined as given in (3.7).
Φ[n] = 0 if |Γ[n]|≤  and Ppv[n] ≤ Pref (3.7)
= 1 Otherwise.
Here,  determines the tolerance band for convergence of slope at maximum power point. The
convergence criterion defined for VSLPPT around the reference power level is given in (3.8).
σ[n] = 0 if Φ[n] = 0 or |Ppv[n]− Pref |≤ µPref . (3.8)
Here, µ is the constant of proportionality tuned for convergence at reference power level.
3.2.3 Variable Rate LPPT Control
The control performance of VSLPPT can be further improved by reducing the perturbation step
size (∆V ) and increasing the sampling frequency of the voltage reference generator. However, due
to the presence of transients in DC-DC converter, the location detection of a steady operating point
corresponding to the present reference voltage may be incorrect with a high sampling frequency.
Hence, a control scheme was developed [5] by separating the location and convergence detection
module from the voltage reference generator. In this control scheme, the location and convergence
detector is operated at a sampling frequency as that of conventional LPPT control scheme. However,
the sampling frequency of reference voltage generator is made infinitely high and is considered to be
as continuous time system and hence the control scheme is termed as variable rate LPPT (VRLPPT).
The dynamics of voltage reference generator in VRLPPT is determined as given in (3.9).
Vpv,ref (t) = Vpv,ref (0)−
∫ t
0
δβ(τ)dτ. (3.9)
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Here, the voltage variation rate is dynamically adjusted instead of the voltage perturbation step size
(∆V ). Here, the parameter δ is the base magnitude of voltage variation rate. The value of β is
defined as given in (3.10).
β(t) = 0 if Φ(t) = 0 (3.10)
= −1 if ϕ(t) = 1 and Φ(t) = 1
= min{1, γ|Ppv − Pref |} if ϕ(t) = 0 and Φ(t) = 1
Here, Φ represents the power scarcity indicator and is similar to that of defined in VSLPPT control
scheme and its value at nth sampling time instant is given in (3.7). Here, ϕ refers to the location
detection of operating point with respect to maximum power point and it value at nth sampling
time instant is defined as given in (3.11).
ϕ[n] = 0 if Γ[n] ≤ 0 (3.11)
= 1 if Γ[n] > 0.
The values of Φ(t) and ϕ(t) are respectively determined by Φ[n] and ϕ[n] during the interval nTs ≤
t < (n+ 1)Ts. Here, Ts represents the sampling time interval of location and convergence detector.
In this thesis, VRLPPT control scheme is considered for LPPT operation of PV system as it is the
superior control scheme and it helps in achieving effective power tracking [5].
3.3 Simulation Results
The effectiveness of the three different LPPT control techniques (FSLPPT, VSLPPT and VRLPPT)
is investigated over dual stage grid-connected PV system using MATLAB/Simulink. The parameters
of PV array given in Table. 2.1 are considered here for simulation. However, here, the panel tem-
perature is considered to be maintained at a temperature of 350 C. The boost converter parameters
of the system considered are given in Table. 3.1. Here, the PV system is considered to be connected
to an infinite bus. Hence, filter capacitor is not considered. The other AC side filter parameters are
given in Table. 3.2. The LPPT controller parameters are given in Table. 3.3. The tuning parameters
of PI control block employed in the duty ratio controller, DC link voltage controller and current
controller are also given in Table. 3.3. For the first 4 seconds, an irradiance level of 1 KWm-2
is maintained and then is reduced to 0.6 KWm-2. The red coloured dashed line in the Fig. 3.4
represents the reference power command (Ppv) and is varied in steps to investigate the effectiveness
of power tracking using three different LPPT control techniques. In Fig. 3.4, it can be observed
that during the intervals (0-2)s and (6-8)s, the system considered is operating in the MPPT mode
as the maximum available power is less than the reference power level. The system is operating
in LPPT mode during the interval (2-6)s. From the results shown in Fig. 3.4, it can be observed
that the FSLPPT and VSLPPT methods resulting in slow response time when operation is switched
from MPPT mode to LPPT mode and from LPPT mode to MPPT mode. The VRLPPT method
provides faster response to the reference power command variation compared to the FSLPPT and
VSLPPT methods. In addition, the power oscillation is also less in the VRLPPT method. Hence,
VRLPPT control technique is considered as the superior technique for effective tracking of power.
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Table 3.1: Boost converter parameters
Parameter Value
Inductance (L) 1 mH
Input capacitance of boost converter (C) 1.5 mF
DC link cpacitance (Cdc) 1.5 mF
Switching frequency 2 KHz
DC grid voltage (Vdc) 1500 V
Table 3.2: AC side filter parameters
Parameter Value
Rpv,abc 0.295 Ω
Lpv,abc 6.71 mH
Table 3.3: LPPT controller parameters
Parameter Value
Sampling time (Ts) 20 ms
Voltage step size (∆V ) 10 V
η 10 A
ε 600 W
γ (VSLPPT) 0.0004 W-1
γ (VRLPPT) 0.002 W-1
δ 300 Vs-1
Kp,pv -0.0006 V
-1
Ki,pv -0.0006 V
-1s-1
Kp,dc -0.01 AV
-2
Ki,dc -0.008 AV
-2s-1
KP,CC 6.71 Ω
KI,CC 295 Ωs
-1
The power injected by the dual stage PV system into the grid using three different LPPT control
techniques is shown in Fig. 3.5.
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Figure 3.4: Simulation results of PV array terminal power for different LPPT techniques.
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Figure 3.5: Simulation results of PV system power injected into the grid using different LPPT
techniques.
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Chapter 4
Frequency Regulation of an
Islanded Microgrid
The distributed energy sources are integrated along with loads to form a microgrid. The microgrid
can be operated either in the grid-connected mode or in an islanded mode. In grid connected mode,
the inertia of rotating conventional generators will take care of the frequency regulation. Other
methods like electricity storage and dedicated demand response are also practiced to regulate the
grid frequency [20]. During grid-connected mode, the voltage and frequency are determined by the
grid and the distributed energy resources are controlled to supply only the specified amounts of active
power and reactive power. In the islanded mode, the frequency and voltage are to be regulated by
the distributed energy sources. So, in order to regulate the frequency and to maintain it within its
limits in an islanded microgrid operation, the distributed energy sources present in the microgrid
should be operated in the drooping mode. Till date, droop control could be performed only for
the storage systems or for the storage backed PV system. In this thesis, the droop controller is
developed for the non-battery backed PV system. Droop control of non-battery backed PV system
power is possible only when it is operated in LPPT mode. In this chapter, the variable rate LPPT
control scheme is considered as it helps in achieving effective power tracking compared to other
LPPT techniques.
4.1 Droop Control of a PV System
Droop control operation of distributed energy sources in a microgrid enables to share its load power
under normal operating conditions and any further change in load power will be compensated by
the distributed energy sources. The control architecture for islanded operation of battery storage
system is explained in [21], [22]. Here, the battery storage system is operated in P -ω droop control
mode. The droop control implemented for battery storage system can be represented in equation
form as given in (4.1).
ωbat = ωnom +mω(Pbat,ref − Pbat). (4.1)
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Here, ωnom is the nominal value of grid frequency (rad/sec), Pbat,ref is the power reference set point
of the battery. Pbat is the battery system power output. The droop control coefficient (mω) is
tuned according to the battery storage power level and accepted deviation in grid frequency. The
schematic of droop control operation of battery storage system is shown in Fig. 4.1. The current
Figure 4.1: Schematic of droop control operation of a battery storage system.
controller shown in Fig. 4.1 is similar to that of explained in Section 3.1.2. The voltage controller is
implemented in order to control the voltage across the filter capacitor (Cb,abc). The voltage controller
generates the reference current signals (Ib,dq,ref) and is fed to the current controller. The voltage
controller is implemented in dqo domain and is shown in Fig. 4.2.
Figure 4.2: Schematic of voltage controller.
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The PV system is operated in ω-P droop control mode, generating the required power reference
command for LPPT operation of PV system by calculating the deviation of measured bus frequency
from its nominal value. The droop control implemented for PV system is represented as given in
(4.2).
Ppv = Ppv,ref +mP(ωnom − ω). (4.2)
Here, ω is the bus frequency (rad/sec) measured by phase locked loop (PLL), Ppv,ref is the power
reference set point of the PV system droop controller, Ppv is the reference power command given
to the LPPT controller block of PV system. The droop control coefficient (mP ) is tuned according
to the PV system power level and accepted deviation in system frequency. The schematic of droop
based LPPT operation of dual stage PV system is shown in Fig. 4.3.
Figure 4.3: Schematic of control architecture for LPPT based droop control operation of PV system.
4.2 Simulation Results
The effect of droop based VRLPPT control operation of PV system on frequency regulation of an
islanded microgrid is investigated using MATLAB/Simulink. In this paper, a battery storage system
and two PV systems are considered to be interconnected as a single bus islanded microgrid system
along with a balanced three phase starconnected varying resistive load and its schematic is shown in
Fig. 4.4. The parameters of dual-stage PV system considered for the simulation are given in Table.
2.1, Table. 3.1, Table 3.2 and Table. 3.3. However, here, two different PV systems are considered
with different series-parallel configuration of PV cells and are given in Table. 4.1. The maximum
power that can be delivered by the considered PV-1 and PV-2 systems are 50 kW and 35 kW,
respectively. Battery storage system parameters are given in Table. 4.2. The implemented droop
21
Figure 4.4: Schematic of single bus islanded microgrid.
control parameters and the nominal values of AC bus parameters are given in Table. 4.3. Here,
two different cases are considered to investigate the effect on frequency regulation. In the first case,
the two PV systems are operated in MPPT mode and as they always delivers maximum available
power into the microgrid, battery storage system alone is operated in droop control mode. In the
second case, droop control is applied to all the battery storage and PV systems by operating the PV
systems under the VRLPPT control. In both the cases, the considered system is initialized to their
respective nominal values. A balanced three phase star-connected resistive load of 0.7315 ω/ph is
applied on the integrated bus. The Load resistance is changed to 0.8736 ω/ph and is maintained
from 2 to 4 sec. The load resistance is again changed to 0.7735 ω/ph at 4 sec. The total time
considered for simulation is 6 sec. The observed results are shown in Fig. 4.5 and 4.6. From the
results, it can be observed that the deviation of frequency from its nominal value is less in the case
of both the PV systems and battery storage system operating in droop control mode compared to
the battery storage system alone is operating in drooping mode.
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Table 4.1: PV system parameters
Parameter Value
Number of cells connected in series of PV-1 system 1620
Number of strings connected in parallel of PV-1 system 10
Number of cells connected in series of PV-2 system 1080
Number of strings connected in parallel of PV-2 system 10
DC link voltage of PV-1 system 1500 V
DC link voltage of PV-2 system 1000 V
Table 4.2: Battery system parameters
Parameter Value
Rb,abc 0.295 Ω
Lb,abc 6.71 mH
Cb,abc 2 mF
KPV 1.03294 A
KIV 8.45834 As
-1
KPC 6.71 V
KIC 295 Vs
-1
Table 4.3: Nominal values of AC bus parameters and droop control parameters
Parameter Value
Nominal value of bus frequency (ωnom) 100pi rad.s
-1
Nominal value of bus voltage (L-N) 300 V (Peak)
Power reference set point of the battery (Pbat,ref ) 100 kW
Power reference set point of the PV-1 system (Ppv1,ref ) 56.25 kW
Power reference set point of the PV-2 system (Ppv1,ref ) 37.58 kW
mω 2.513274×10
-5 rad.s-1.W-1
mp1 3.978874×10
4 W.rad-1.s
mp2 2.7486058×10
4 W.rad-1.s
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Figure 4.5: Power sharing and frequency profile for the MPPT operation of PV systems.
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Figure 4.6: Power sharing and frequency profile for the droop controlled LPPT operation of PV
systems.
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Chapter 5
Conclusion and Future Work
5.1 Conclusion
The objective of the thesis is to regulate the frequency of an islanded microgrid system by operating
all the available distributed energy sources in the droop control mode. Here, the droop control of
the PV system power output is considered as of interest in regulating the grid frequency. Till date,
droop control could be performed only for the storage system or for the battery backed PV system.
Here, a droop controller for the non-battery backed PV system is developed. In this thesis, a battery
storage system and two non-battery backed PV systems are integrated as the islanded microgrid
system and are operated in drooping mode. The implemented drooping operation of the PV systems
is different from the drooping operation of the battery storage system. The droop controller used
for the storage system generates a frequency command from the power measurement, which is fed to
the VSC control system. On the other hand, the droop controller used for the PV system generates
a power command from the frequency measurement, which is fed to the DC-DC converter control
system. It is observed from the simulation results, for the same load change, in an islanded single
bus microgrid system, the deviation of bus frequency from its nominal value is less when both the
battery storage system and PV systems are operated in droop control compared to when battery
storage system alone is operated in droop control. Hence, operating the PV system in droop control
mode improves the frequency regulation of islanded microgrid system.
A comparative study of different LPPT control schemes is also presented with respect to a dual-
stage grid-connected PV system. Three different LPPT control schemes are considered. Those are
FSLPPT, VSLPPT and VRLPPT. It is found from the simulation results that VRLPPT control
scheme is superior to other control schemes as it exhibits minimum oscillations and renders faster
power tracking. Hence, by applying VRLPPT control scheme for extracting the desired amount of
power from PV system as commanded by the droop controller results in improving the frequency
regulation of an islanded microgrid and also the frequency oscillations are minimized in steady state.
5.2 Future Work
The scope of this approach can be summarized as
i. Implementing the droop control operation of PV system for frequency regulation of multi-bus
26
islanded microgrid network.
ii. Droop control operation of PV system for frequency regulation of grid connected network.
iii. Developing LPPT control for PV system to work even under partially shaded conditions.
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